[1] Temporal and spatial variabilities of mantle upwelling and melt supply in mid-ocean ridges (MORs) have long been documented. Such variabilities span a range of scales and have a profound effect on the structure as well as the composition of the oceanic crust. Previous seismic and gravity studies have suggested that the lower oceanic crust plays a major role in accommodating these changes in melt supply. Here we report the first direct evidence for a sharp transition from coherent sub-horizontal to near vertical magma flows frozen in the lower oceanic crust of the Troodos ophiolite at the segment edge near a fossil ridge-transform intersection. We constrain the preferred petrofabric lineation directions at 13 gabbroic sites using anisotropy of magnetic susceptibility (AMS) verified by electron backscatter diffraction. Preemplacement accretion-related rotations were corrected using magnetic remanence directions. We identify two provinces of nearly uniform susceptibility directions (principal axes) and attribute them to two magmatic episodes. A more focused mantle upwelling and melting episode near the segment midpoint may have resulted in lower crustal lateral magma flows along the fossil segment-edge, whereas uniform mantle upwelling and melt supply along the entire axis may have resulted in vertical magma flows at the segment-edge. Overall, our data verify the vital role of the lower oceanic crust in accommodating changes in mantle upwelling and melt supply beneath MORs. Citation: Granot, R., M. Abelson, H. Ron, M. W. Lusk, and A. Agnon (2011) , Direct evidence for dynamic magma supply fossilized in the lower oceanic crust of the Troodos ophiolite, Geophys. Res. Lett., 38, L16311, doi:10.1029/2011GL048220.
Introduction
[2] Accumulating observations from the seafloor and ophiolites suggest that transient mantle upwelling with intermittent magmatic activity best describe the accretion of the oceanic crust along MORs [Bonatti et al., 2003; Perfit et al., 1994] . States of enhanced versus reduced magmatic activity alternate on timescales of ∼100 kyr [Canales et al., 2000; Perfit et al., 1994 ] to a few million of years [Bonatti et al., 2003; Tucholke et al., 1997] . The spatial and temporal evolution of magmatic activity affect axial thermal structure [Searle and Escartin, 2004] , development of detachment faults [Olive et al., 2010] , geometry of spreading segments Abelson et al., 2002; Toomey et al., 2007] , as well as composition of the oceanic crust [Rubin et al., 2009] . This study addresses the yet poorly resolved question of how magma flows in the lower oceanic crust accommodate different modes of mantle upwelling and melting conditions beneath spreading axes.
[3] At slow-spreading axes, gravity, seismic tomography, and morphological studies suggest that the centers of spreading segments are commonly the sites of focused mantle upwelling and magma supply [Dunn et al., 2005; Magde et al., 2000; Tucholke and Lin, 1994] . Seismic refraction studies indicate that thickening of seismic layer 3 at these segment mid-points result in the thickest crust there [Muller et al., 1999; Tolstoy et al., 1993] . In this scenario, melt is channeled from the segment mid-point toward the magmastarved segment edges by lateral transport of magma within the lower gabbroic crust Hosford et al., 2001] and upper crustal sheeted dikes [Magde et al., 2000] . Alternatively, segment-scale mantle upwelling and melt production have been inferred to exist in fast spreading axes [e.g., Kent et al., 1993] and in certain magma-rich slow spreading segments [Tucholke et al., 1997] . Under the latter magmatic conditions, melt is expected to rise mostly vertically from the mantle along the entire length of spreading segments. These two modes of melting conditions are expected to be most distinctive at the segment-edge where vertical melt transport in the lower crust may reflects uniform mantle upwelling and melt supply along spreading segment, while lateral transport of melt indicates focused mantle upwelling, and suggests melt supply below the segment mid-point.
[4] The oceanic crust exposed on the island of Cyprus (Troodos ophiolite) provides a unique opportunity to directly examine the temporal evolution of magma flow directions in the lower oceanic crust at a fossil segment-edge. Here we report magnetic fabric and petrofabric results from the gabbroic rocks of the Troodos ophiolite, sampled along a spreading-parallel profile located near the fossilized segmentedge. Our AMS results are clustered into two adjacent regions of nearly uniform fabric directions (sub-horizontal and nearvertical), implying an abrupt switch between two prevailing modes of magma flows.
Tectonic Setting
[5] The oceanic crust of the Troodos ophiolite formed along the Neotethyan spreading system during the late Cretaceous (92.1 Ma [Mukasa and Ludden, 1987] ), in a suprasubduction zone setting. The uplift of the ophiolite had a minimal impact on the internal structure and composition of the crust [Robertson and Xenophontos, 1993] , making the Troodos ophiolite an ideal location to study crustal accretion processes. Field mapping and geochemical studies [Malpas, 1990; Schouten and Kelemen, 2002] indicate that the lower parts of the Troodos spreading axis were composed from a set of discrete, short-lived magma bodies.
[6] Extensive structural observations lay out the tectonic context for our study. The center of the ophiolite exposes the fossil intersection of a N-S spreading axis, the Solea graben, and the E-W Arakapas dextral transform fault [MacLeod et al., 1990] (Figure 1 ). The location of the Solea graben was originally constrained by the orientation of normal faults, opposing tilt of sheeted dikes, and rotated blocks of lava flow [Hurst et al., 1994] . Paleomagnetic study of the gabbroic suite [Granot et al., 2006] confirmed the location of the suspected paleospreading Solea axis and showed a clockwise rotation of remanence directions in the inside corner north of the Arakapas Transform fault ( Figure S1 in the auxiliary material), similar to the rotations shown for the overlying sheeted dikes [Allerton, 1989; Bonhommet et al., 1988] , pillow lavas and hydrothermal sediments (umbers) [Morris et al., 1990] . 
Sampling
[7] We sampled 17 gabbro and olivine-gabbro sites, all located within the upper kilometer below the sheeted dikegabbro contact (Figure 1 ). These sites are located at the continuation of the extinct spreading axis of the Solea graben and aligned along a flow-line direction giving the opportunity to study crustal accretion processes in a time sequence. We sampled the macroscopically isotropic gabbros, which lack any visible structural markers (foliations, lineations, horizontal or vertical layering, and veins). In site we have randomly sampled five to seven oriented cores over some 5 to 15 meters of exposure to unravel the dominant trend of the silicate fabric. Paleomagnetic data from the studied sites have been published elsewhere [Granot et al., 2006 [Granot et al., , 2007 .
Magma Flow Direction
[8] The low field AMS directions were measured with a Sapphire Instruments SI-2 susceptibility meter in a 6 orientation scheme. We applied bootstrap analysis [Constable and Tauxe, 1990 ] to obtain the three principal axes (directions of eigenvectors, k 1 > k 2 > k 3 ) and the associated 95% confidence bounds that best describe the AMS second-order tensor for each one of the sites. To avoid biased petrofabric interpretation due to magnetite distributions unrelated to magma flow (such as secondary magnetite formed by hydrothermal activity), we consider only specimens with low bulk susceptibility (<20 × 10 −3 SI, Figure 1c ). We are left with a total of 97 out of 131 specimens located in 15 successful sites (each featuring more than 4 specimens). The calculated tensors are mostly characterized by triaxial to prolate ellipsoid shapes (13 out of the remaining 15 sites). As discussed further later in the text, for our tectonic interpretation we only consider the major eigenvector (k 1 ) and therefore we exclude from further consideration the two spherical to oblate Figure 2 . Comparison between anisotropy of magnetic susceptibility (AMS) and silicate crystallographic fabrics, projected in geographical coordinates. (a) The AMS data show (left) the eigenvector directions and (right) the associated eigenvalues of all specimens from site T12. Gray filled symbols highlight the results of specimen T12-1. Red squares are eigenvectors K 1 associated with maximum eigenvalues (t 1 ). Green triangles are eigenvectors K 2 associated with intermediate eigenvalues (t 2 ), and blue circles are eigenvectors K 3 associated with minimum eigenvalues (t 3 ). 95% confidence bounds are calculated using the bootstrap method of Tauxe et al. [1998] . Electron backscattered diffraction (EBSD) data for specimen T12-1. (b) Plagioclase, (c) Clinopyroxene, and (d) Orthopyroxene are lower hemisphere pole projections contoured with a 15°half-width. Color scale corresponds to multiples of uniform distribution (MUD) . N is number of grains, where each measurement corresponds to an individual grain. Methods are described in the Data Repository.
sites. All the successful AMS data are presented in Figure S2 and Table S1 of the auxiliary material. The sampled gabbros have significant degrees of anisotropy [Jelinek, 1981] , ranging between 2% to 24% with an average of 6%.
[9] The link between the preferred orientation of the AMS tensors and the petrofabric is not obvious and requires additional constraints before further interpretation can be made. Previous investigations of gabbros from the Troodos ophiolite showed a qualitative agreement between AMS directions and alignment of silicate fabrics observed in oriented thin sections [Abelson et al., , 2002 . These studies attributed AMS to distribution anisotropy [Hargraves et al., 1991] , in which late crystallization of titanomagnetite from the residual liquid is spatially governed by the pre-existing lattice preferred orientation of the silicate fabric. Since neither high-temperature recrystallization nor mechanical twining were observed, Abelson et al. [ , 2002 concluded that AMS data for the Troodos gabbros reflect the last stages of magma flow, before the solidification of the residual melt, rather than solid-state deformation. Plagioclase crystallographic fabrics of the gabbroic sections of the Oman ophiolite [Yaouancq and MacLeod, 2000] , the Hess Deep [MacLeod et al., 1996] , and continental layered intrusions [e.g., Gee et al., 2004] show a good correspondence to the AMS directions, further supporting the link between the orientation of gabbroic AMS and the silicate fabric. To verify this link for the Troodos gabbros, we estimate the preferred crystallographic orientation of the silicate fabric for one test specimen (T12-1) using electron backscatter diffraction (EBSD, details are given in the auxiliary material) and compare these data with the AMS data from the entire site (T12).
[10] Our EBSD analysis reveals a distinct crystallographic lineation in plagioclase that sub-parallels the orientation of the major AMS axes (Figure 2) . The plagioclase lattice preferred orientation (LPO) reveals a (100) maximum, dipping westwards at ∼70°, similar to the weaker clinopyroxene and orthopyroxene (001) maxima (Figures 2b-2d) . The abundances of plagioclase, clinopyroxene, and orthopyroxene in the studied specimen are 75%, 15%, and 9%, respectively. Therefore, these LPO maxima represent the mineral elongation lineation direction of the silicate fabric and are sub-parallel to the maximum principal axis of the AMS ellipsoid at the site (Figure 2a) . The ∼18°eastward-dip of the (010) maxima for both the pyroxenes and the plagioclase grains suggest that the silicate fabric preserves ∼70°west-ward dipping ∼N-S foliation. Interestingly, these poles to the foliation planes subparallel the intermediate axes of the AMS. In a "normal" situation, the pole to the foliation plane should follow the minima AMS axis direction, as seen in the gabbros from the Oman ophiolite [Yaouancq and MacLeod, 2000] , suggesting that AMS in these rocks may represent an "Intermediate Fabric". Rochette et al. [1992] showed that mixing distributions of single domain to pseudo single domain titanomagnetite grain sizes can result in the Intermediate Fabric where K 2 and K 3 susceptibility axes may interchange their directions, leading to a non unique presentation of the silicate fabric by the AMS tensors. Indeed, remanence magnetization in the Troodos gabbros is carried by single to pseudo single domain titanomagnetite grain sizes [Granot et al., 2006 [Granot et al., , 2007 , and we therefore use only K 1 susceptibility data. We find a spatial coherence of K 1 directions for adjacent sites (Figure 1 ), distributed over a 10 km scale region, and hence presume that the measured K 1 directions mimic the large-scale lineation pattern of the silicate fabric. We conclude that the close similarity between the lineation patterns of the silicate and magnetic fabrics (i.e., EBSD vs. AMS), and the lack of solid-state deformation indicate that the preferred directions of AMS principal axes most likely represent the last stages of magma flow directions, before the solidification of the magma.
Discussion
[11] Tectonic rotations associated with seafloor spreading are known to have affected all crustal levels of the Troodos igneous basement, and must be corrected for in order to recover the original orientation of the petrofabrics within the sampled gabbros [Granot et al., 2006] . Paleomagnetic studies of the upper crust and overlying sedimentary sequence [e.g., Morris et al., 2006] showed that the entire ophiolite had rotated by nearly 90°anti-clockwise during the emplacement (late Cretaceous to early Eocene), leading to an expected remanent magnetization direction of 273°/38°(a 95 = 6.5°). Any deviation of remanent magnetization from this direction reflects pre-emplacement accretion-related rotations [e.g., Allerton and Vine, 1987; Bonhommet et al., 1988; Ebert et al., 2010; MacLeod et al., 1990] . Although the gabbros studied here lack independent structural information, remanence directions together with the assumed N-S trend of rotation axis (parallels the Solea axis) are sufficient to correct for tectonic rotations. Granot et al. [2006] have shown that small rotations of 21°around a rotation axis plunging 7°to the north have been accommodated within the center of the Solea axis. Progressively increasing clockwise rotations eastward indicates that the lower crust in the inside corner has undergone rotations of 44°around a rotation axis plunging 53°to the north ( Figure S1 ). Backstripping these rotations from the magnetic fabric data provides the best estimate of the original orientations of the AMS principal axes, as shown in Figure 1b and auxiliary material.
[12] The spatial distribution of the restored K 1 directions reveals two provinces, each of which has remarkably consistent directions (Figure 1b) . These directions represent coherent magma flow patterns and are particularly surprising given the typical discrete magma chamber sizes (10-100 m [Malpas, 1990] ) that prevailed in the lower Troodos crust. The western province displays near vertical K 1 directions while the eastern province reveals shallow N-S directions. Large offset normal faulting with rotated blocks at the Solea graben and hydrothermal massive sulfide bodies suggest that spreading rate was slow to intermediate (full spreading rate of 20 to 75 mm/yr [Hurst et al., 1994; Small, 1998; Varga et al., 1999] ). Assuming this range of spreading rates, these 10 to 15 km wide provinces of nearly uniform magma flow (Figure 1 ) represent minimal time intervals of 0.3 to 1 Myr. The narrow transition zone (<1 km) between the two magmatic provinces corresponds to a maximum accretion time of 0.02 to 0.1 Myr, suggesting that the change in the direction of magma flow was rather abrupt. The subhorizontal N-S magma flow directions, consistent with accretion along the N-S Solea axis (Figure 1 ), validate our structural reconstruction scheme. Along-axis lateral magma flows near the segment-edge were most likely supplied from the north, i.e. from the segment midpoint towards the transform (Figure 3a) . These magma flow directions might have corresponded to a period when mantle upwelling was focused at, or near, the center of the Solea segment (Figures 1d and 3a) . Vertical magma flows at the segment-edge probably resulted from the emplacement of magma bodies directly underneath the end of the spreading segment and hence correspond to a period when mantle upwelling might have been associated with segment-scale melting conditions (Figure 3b ). Previous studies [Staudigel et al., 1999; Varga et al., 1998 ] showed that horizontal and vertical intrusive directions best describe the propagation of sheeted dikes of the Troodos ophiolite. They argued that these directions reflect the location of the sheeted dikes relative to the feeding magma chamber. By the same token, gabbro flow directions within magma chambers reflect their position relative to where mantle upwelling and melting take place.
[13] The directional transition of the flow between the two magmatic provinces is spatially coincident with the boundary between the rift valley (Solea graben) and the inside corner (Figure 1 ). This correlation might result from incorrect reconstruction of tectonic rotations, from the late doming of the ophiolite that was centered over the serpentinized mantle (Figure 1 ), or alternatively, it reflects a casual coincidence. Our tectonic corrections were smaller than 44°and cannot account for the much larger difference in K 1 directions between the two provinces. Late doming of the ophiolite would result in a systematic pattern of rotations. Based on remanence directions (Figure S1 ), we find this scenario unlikely. We therefore believe the spatial correlation between magma flow provinces and tectonic domains to be casual.
[14] Seismic reflection studies from the Mid-Atlantic Ridge showed that episodic upwelling of mantle material fluctuated with typical periodicities of 0.4 to 0.8 Myr, separated by transition periods as short as ∼0.1 Myr [Canales et al., 2000] . These and similar changes in mantle upwelling activity have been suggested to get distributed mainly within the lower crust [Dunn et al., 2005; Tolstoy et al., 1993] . The lower Troodos crust studied here might have recorded one such transition between periods of focused versus axially uniform mantle upwelling and melt supply. Furthermore, our study provides the first direct confirmation for the dominant role of the lower crust in accommodating fluctuations in mantle upwelling and therefore serves as an important modulator of the thermal state along spreading centers.
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